Background and objectives Newer parameters of cardiac mechanics provide additional insights on cardiac dysfunction in adult patients with CKD. The aim of this study was to identify prevalence of subclinical abnormalities in cardiac function through the analysis of novel indices of cardiac mechanics in a large population of children with CKD.
Introduction
Abnormal left ventricular (LV) geometry and function are common in CKD. These structural abnormalities include LV hypertrophy, LV dilation, and impaired systolic function, and each is strongly linked to a poor cardiovascular prognosis (1) (2) (3) (4) (5) (6) . Although heart failure and sudden cardiac death are common in CKD, the appropriate management of myocardial disease is not fully understood (7) (8) (9) (10) .
When the heart is subject to increased workload (e.g., hypertension or renal failure), LV hypertrophic remodeling is stimulated to compensate for increased stress and preserve function. However, paradoxically, this hypertrophic remodeling is associated with worse outcome, even accounting for other risk factors (11) (12) (13) (14) . Accordingly, data from several groups have proven that, in adults, subtle systolic dysfunction might be present in patients with LV hypertrophy before impairment is identified through the analysis of LV ejection fraction (15, 16) . The ability to identify early markers of LV dysfunction in CKD represents one of the main applications of echocardiography in preventing overt cardiac diseases of this high-risk pediatric population. One fascinating aspect of LV remodeling in CKD is that prevalence of LV concentric hypertrophy is remarkably high, despite the substantial volume overload, and associated with functional consequences.
We have previously reported in the Effect of Strict Blood Pressure Control and Angiotensin-Converting Enzyme Inhibition on the Progression of Chronic Renal Failure in Pediatric Patients Trial that, in the presence of concentric geometry (both remodeling and hypertrophy), subclinical abnormalities of systolic mechanic function are, indeed, present, despite normal ejection fraction (17) . The mechanic abnormalities underlining this impairment are not yet well understood. In addition, it has been shown in small studies that, in adult and pediatric patients with end stage CKD, abnormal LV systolic deformation (through the analysis of Doppler measurement of tissue velocities, strain, and strain rate) precedes changes in more traditional indices of myocardial function, including ejection fraction. However, to date, no studies are available in large samples of pediatric patients with CKD using newer indices of systolic function.
Studies performed in adults with hypertension with speckle tracking technology have suggested that abnormalities in systolic performance in hypertensive LV hypertrophy can be identified, despite normal ejection fraction (18) (19) (20) . Subclinical abnormalities of LV myocardial deformation in adults with early stage CKD have also been reported (21) as well as abnormal longitudinal systolic deformation in asymptomatic individuals with early CKD without clinical evidence of heart disease. Recently, a cross-sectional comparison of conventional and speckle tracking parameters was performed between controls and patients with different stages of CKD by Panoulas et al. (22) . Adult patients with CKD were followed up for major adverse cardiovascular events, and impaired global longitudinal strain was observed in almost one quarter of patients with CKD and associated with a reduced major adverse cardiovascular events-free survival at 12-month follow-up. Accordingly, the aim of this analysis was to identify abnormality in cardiac performance through the analysis of advanced indices of cardiac systolic function, despite a normal ejection fraction, with the ultimate aim of improving the identification of children with CKD at higher risk of future cardiovascular events.
Materials and Methods

Study Population
The Cardiovascular Comorbidity in Children with CKD (4C) Study is a prospective observational cohort study in pediatric patients with CKD. Inclusion criteria are ages 6-17 years old and eGFR=10-60 ml/min per 1.73 m 2 . Serum creatinine was measured centrally by the modified Jaffé method. GFR was estimated from serum creatinine and height according to the work by Schwartz et al. (23) . Exclusion criteria were existing transplants, active systemic vasculitis, renal artery stenosis, coexisting primary cardiovascular anomalies, and anomalies of the limbs preventing diagnostic procedures. The 4C Study is following 700 pediatric patients with CKD at 55 pediatric nephrology centers in 12 European countries. The study was approved by local ethics committees in all participating center, and parents or legal guardians provided informed consent for study participation.
An ancillary study performed in a subgroup of the total study sample includes echocardiographic examination for the evaluation of left ventricular mass (LVM) by still-frame M-mode echocardiography. This work describes an analysis that was not prespecified of advanced indices of cardiac function by cardiac systolic strain performed in 323 4C Study participants in whom echocardiographic twodimensional clips of parasternal and apical views were also acquired.
Because no widely accepted normal pediatric reference values for two-dimensional strain are available in the literature, data were compared with a reference group of 61 healthy children of similar age and sex distribution equally recruited from each participating center, referred for examination to evaluate innocent murmurs and/or chest pain, and shown by echocardiography to have normal hearts.
Echocardiography Methods
All patients and controls underwent a complete transthoracic echocardiographic examination with commercially available machines. Examinations were stored and analyzed in a central echocardiographic reading center by two independent readers unaware of the clinical data. Twodimensional images were obtained for the analysis of LV volumes on three consecutive beats from apical 4-and 2-chamber views. Wall thickness and chamber dimensions were obtained from the two-dimensional parasternal long axis or M-mode short axis at the midventricular level, when perfect alignment of the left ventricle was possible, on three consecutive beats.
Parameters measured in our study included LV diameters and wall thicknesses to obtain LVM. LVM was calculated according to the Devereux formula. LVM was analyzed as both unindexed as well as indexed to the allometric power of 2.7. To define LV hypertrophy, agespecific partition values were applied as previously reported by Khoury et al. (24) . For evaluation of the concentricity of LV geometry, myocardial thickness (wall+septum) was divided by LV minor axis (diameter) to generate a relative wall thickness (RWT) normalized to a mean age of 10 years old. A value of 0.38 was used as the cutoff to define concentric LV geometry (25) .
LV systolic function was determined by LV ejection fraction from volumes estimated by the Teicholzz formula and linear measures of LV minor axis at the midwall level (midwall shortening) as previously reported (17) .
Strain analysis was used to obtain radial (R«), circumferential (C«), and longitudinal (L«) strains of the left ventricle on three consecutive beats from the apical 4-chamber window (L«) or the parasternal short-axis view (R« and C«).
In detail, when adequate echocardiographic examinations were available (defined as images with good image quality and frame rate .40 frames per second), images were exported and analyzed centrally offline using Tomtec 2D-CPA for the semiautomatic analysis of strain curves. Preliminary findings from our group show that Tomtec 2D-CPA permits analysis of Digital Imaging and Communications in Medicine images acquired with machines from different vendors, offsetting differences. Endocardial surfaces were manually traced from the 4-chamber apical views for longitudinal strain and the parasternal short axis for the analysis of radial and circumferential strains (at both endocardial and epicardial levels).
Feature tracking of the myocardium is achieved through the combination of echocardiographic tracking of speckle signals, mitral annulus motion, tissue-blood border detection, and periodicity of the cardiac cycle using R-R intervals.
After definition of the cardiac cycle, the endocardium of the left ventricle is traced manually from a single frame of the digital loop that provides the clearest still-frame endocardial border definition. Endocardial tracing begins at the edge of the atrioventricular valve annulus, extends to the apex of the ventricle without incorporation of the papillary muscle complex, and returns basally to the other edge of the atrioventricular valve annulus, providing both the border and annuli position information necessary for the feature-tracking component of the algorithm. To improve the tracking results, the algorithm applies a sequence of intermediate passages to accurately follow myocardial motion. Accuracy of border tracking is visually confirmed by viewing the cardiac cycle with only border information displayed (i.e., with velocity vectors removed). If necessary, individual regions of the border are adjusted until the border is correctly tracked for each frame. Cardiac strain calculated myocardial deformation from the velocity vector information and displayed it in a six-segment model. Averaged segmental peak strain and time to peak values were calculated to obtain global radial, longitudinal, and circumferential strains and systolic synchrony.
The software provides peak and time to peak systolic strain values for three orthogonal planes (radial, circumferential, and longitudinal), representing orthogonal deformation of the cardiac muscle during contraction. Accordingly, such as in systole, the myocardium reduces its wall length in both the circumferential and the longitudinal planes, and more negative values of circumferential and longitudinal strains represent a better cardiac contraction. In contrast, as the myocardium increases its wall length in the radial strain, a more functional left ventricle will show a more positive value in radial strain.
BP Monitoring
Office BP measurements were obtained using the oscillometric technique at the time of the echocardiography after sitting for 5 minutes in a relaxed position.
All patients received 24-hour ambulatory BP monitoring (ABPM). All centers were equipped with ABPM devices (Spacelab ABPM Device 90207-2Q; Spacelabs Medical, Issaquah, WA). Standard operating procedures for ABPM had been placed on the study website for continuous reference by participating centers. The ABPM SD score was calculated using German reference data, as previously reported (3).
Statistical Analyses
Data are presented as means 6SD. Statistical analysis was performed by SPSS software, version 21.0 (SPSS Inc., Chicago, IL). Comparison between the two groups of patients was carried out with t tests for continuous variables and chi-squared tests for categorical variables. When necessary, comparison between groups was performed using analysis of covariance to reduce the effect of confounding variables (age, sex, heart rate, and BP when appropriate). Correlation between variables was evaluated through linear regression analysis (for continuous variables) and logistic regression in the presence of dichotomous variables (e.g., presence/absence of LV hypertrophy). To account for significant confounders, multiple regression analysis was performed. A P value ,0.05 was considered statistically significant.
Results
Clinical Characteristics
Complete analysis of cardiac strain was feasible in 272 patients with CKD (84% of the total study sample). Major reasons for exclusion were lack of sufficient cardiac beats recorded (less than three) and/or poor image quality. No differences were observed regarding age and sex distribution, 24-hour BP, heart rate, hemoglobin, GFR, and prevalence of medications between this group and the remaining patients in whom analysis of cardiac strain was not available.
Clinical data of the study population are shown in Table 1 . Renal hypodysplasia/dysplasia was the underlying kidney disorder in 74%, acquired glomerulopathies were the underlying kidney disorder in 4.6%, and hereditary or other kidney diseases were the underlying kidney disorder in the remaining patients; 5% of the patients had no antihypertensive medication at baseline, whereas 14.2% were on antihypertensive monotherapy (all angiotensin-converting enzyme inhibitors or angiotensin receptor blockers), and 80.4% were on two or more antihypertensive drugs.
Whereas no differences were observed between patients and controls with respect to age (12.863.5 versus 11.565.7), sex distribution (65% versus 66% boys), and body mass index, office systolic (114615 versus 10769) 
Traditional Echocardiographic Parameters
Traditional indices of cardiac geometry and systolic function are shown in Table 2 . As expected, LVM was significantly higher in the children with CKD, mainly because of a significantly higher LV wall thickness (0.4960.07 versus 0.3460.05; P,0.05), whereas similar chamber dimensions were found in the two groups (P=0.52). Accordingly, LV hypertrophy was significantly more common in the children with CKD than in controls (55% versus 7%; P,0.001). LV geometry in the children with LV hypertrophy was preferentially concentric (65%).
Analysis of traditional indices of systolic function showed no differences among groups in LV ejection fraction, with all patients with CKD showing normal values of ejection fraction (i.e., ejection fraction between 56%-75%). In contrast, midwall shortening was lower in the CKD group compared with the healthy controls (16.263.7 versus 18.364.0; P,0.05).
Strain Analyses
Analysis of cardiac strain is detailed in Table 3 . As shown, controlling for age and sex, no differences could be observed among groups in global longitudinal strain. In contrast, significant differences were observed in global radial strain in CKD compared with normal (29.6%613.3% versus 35.5%68.9%; P,0.01). Furthermore, although similar epicardial circumferential strain was observed in the two groups, a markedly lower endocardial circumferential strain was observed in CKD, resulting in a significant difference in transmural circumferential gradient among the two groups (29.164.0 versus 215.666.2; P,0.01). In univariate analysis, lower radial strain was strongly related to the decrease in circumferential systolic transmural gradient, suggesting a significant impairment in cardiac contractile physiology among children with CKD ( Figure 1) . Eventually, children with CKD showed a mild, although significantly higher, difference in segmental time to systolic peak, suggesting some degree of cardiac dyssynchrony in systolic contraction (58628 versus 37618 milliseconds; P,0.05).
In univariate analysis, we also found that, in children with CKD, significant correlates of radial strain were higher 24-hour systolic BP SDs (r=0.21; P=0.01), LVM (r=20.15; P=0.04), and RWT (r=20.34; P=0.02), whereas lower circumferential transmural gradient was mainly related to lower eGFR (r=0.16; P=0.04) and higher RWT (r=20.28; P=0.03). In multivariate analysis (analysis of covariance), as shown in Table 4 , after adjusting for differences among groups in sex and heart rate, we found that correlates of lower radial strain were lower circumferential transmural gradient and higher RWT. No independent effect was found for LVM index, hemoglobin level, eGFR, use of either angiotensin-converting enzyme inhibitor or angiotensin receptor blocker medications, LV ejection fraction, and systolic or diastolic BP SDs.
Discussion
Our study shows a high prevalence of subclinical systolic dysfunction in children with CKD characterized by lower radial and circumferential LV strain paired with a mild cardiac systolic dyssynchrony. To our knowledge, this is the first study describing myocardial function by strain echocardiography in a large pediatric CKD population without overt cardiac dysfunction. In fact, despite a high prevalence of abnormalities in cardiac geometry, all patients with CKD showed a normal ejection fraction (ejection fraction .56%). Compared with the reference population, children with CKD showed lower values of circumferential and radial strains (with no significant effect in the longitudinal component), showing a high prevalence of subclinical systolic dysfunction. The major factors leading to myocardial disease in CKD include volume overload, anemia, and pressure overload. This results in cardiac hypertrophy paired to myocardial fibrosis and subclinical dysfunction (26) . In children with CKD, vascular disease rarely progresses to overt clinical manifestations. However, changes in LV muscle mass and fibrosis can cause symptomatic diastolic and/or systolic dysfunction (2, 27, 28) . In fact, cardiac death in this population is rarely caused by atherosclerosis or arteriosclerosis but rather, LV functional abnormalities, severe electrolyte imbalance, hypertensive crisis, or volume overload. A comprehensive study pointed to cardiovascular-related diseases as the main cause of death (overall 41%) in a cohort of patients with early-onset ESRD (0-14 years of age) (29) . The list of etiologies included cerebrovascular events, congestive heart failure, cardiac arrest, and dissection of the aortaall of them, at least in part, are consequences of hypertension, electrolyte anomalies, and volume overload rather than secondary to vascular or myocardial disease per se.
We observed significant differences in cardiac systolic function, despite normal ejection fraction, which was characterized by a high prevalence of LV hypertrophy (mainly of the concentric type) paired with lower radial strain and circumferential strain parameters with no significant differences in longitudinal strain. This finding is in remarkable contrast to previous observations in adult patients with hypertension, in whom a selective impairment of the longitudinal strain component was observed as the major abnormality of cardiac strain without remarkable differences in either radial or circumferential components (30) . However, we believe that the population comprising this study differs somewhat from those previously reported. In the 4C Study, a significant fraction of patients presents with concentric geometry (either with or without hypertrophy). Accordingly, these patients present impaired midwall shortening, which is pathophysiologically related to measures of circumferential systolic mechanic function rather than longitudinal mechanics. This is also supported by the significant association between circumferential strain and RWT (Table 3) . Thus, we believe that our finding correctly identifies a population with a different mechanic and geometric adaptation phenotype compared with a population with hypertension that is more similar to what was previously reported in teenagers with hypertrophic cardiomyopathy (31) . Moreover, in our study, a strong association between lower radial strain and circumferential transmural gradient was found, even after controlling for differences in LVM and ejection fraction. This mechanic relationship supports the hypothesis that the higher cardiac wall thickness (as shown by the high rate of concentric LV hypertrophy) does not represent a compensatory effect but rather, a secondary response to significant impairment in myocardial contraction. In fact, the presence of a lower transmural circumferential gradient in children with CKD-despite the significant higher cardiac wall thickness-is particularly intriguing, because it supports the hypothesis that this dysfunction not only occurs secondary to alterations of cardiac geometry (i.e., hypertrophy) but potentially reflects intrinsic structural abnormalities of the heart muscle in children with CKD. This hypothesis is also supported by previous findings in adult patients with CKD, in whom a higher cardiac muscular mass was related to a significant higher cardiac fibrotic content compared with patients with hypertension with similarly high LVM (32, 33) .
Our study provides novel insights into cardiac function in children with predialysis CKD and suggests a peculiar mechanism of cardiac adaptation characterized by higher LV wall thickness and lower transmural circumferential function leading to impaired radial systolic function.
In conclusion, a significant proportion of children with CKD has abnormal cardiac geometry paired with lower indices of systolic mechanics, which are not identifiable when limiting the analysis to traditional echocardiographic parameters. Additional studies are needed to assess whether these abnormalities are predictive of cardiovascular events and/or need for dialysis treatment.
